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w r o m  ADVISORY cc immm FOR AERONAUTICS 
By Wendell H. Stillwell 
An investigation has been  conducted  by  the  National  Advisory 
Camittee for  Aeronautics of the  landing  characteristics of the X-1, X-3, 
and D-558-1 straight-win@;, the X-4, X-5, and D-558-11 swept-wing,  and 
the XF-92A delta-wing high-speed research  airplanes.  These  tests have 
shown that ground contact OCCUTS at  about 70 t o  90 percent of the maximum 
normal-f orce.  coefficient  even though the maximum normal-f  orce  coefficient 
was established  by mFl.x-lm lift, stabiUty or  control  limitations,  or 
contact  for  the normal l a n d i n g s  was about 2 feet  per  second and the a- 
irmrm vertical  velocity was about 4.6 feet per second. 
ground clearance restrictions. The average vertical velocity at ground 
Tests of the X-4 airplane  to  determine the effect  of  lift-drag  ratio 
on the landing maneuver showed that  the  largest  portion of the landing 
flare was made at  altitudes  above 50 feet  at low Yft-drag ratios and 
that,  although  the  vertical  velocities during the  approach  varied  from 30 
to 90 feet  per  second,  the  vertical  velocities  at  contact  were less than 
5.5 feet  per  second. 
The trend in design of airplanes f o r  transonic and supersonic flight 
is toward  the use of wbgs with thin sections, low aspect  ratios,  sweep, 
and high wing loadings. Considerable  interest has, therefore,  been  evi- 
denced in the  effects of high vertical  velocities resulting from the low 
lift-drag  ratios and high stalling  speeds  of  such  designs on the  pilots? 
ability  to perform the landing maneuver  in a safe and accurate manner. 
An analysis of the effects of l o w  lift-drag  ratios and high stalling 
speeds on the landing3 Lare  characteristics (ref. 1) indicated  that the 
excess speed ratio  reQuired  at  the  start of he  flare  Increased  consid- 
erably as  the  lift-drag  ratio  decreased and that the flare wl l l  have to 
c 
start  at  relatively high altitudes. Also,  previous  flight  experience 
with the landing  maneuver  (ref. 2) has indicated  that  landings in which 
the  vertical  velocity  at the start  of  the landing flare  exceeded a value 
of about 25 feet  per  second  demanded  great  piloting  skill and were not 
regarded  as  practical  maneuvers. 
L 
In order  to  provide  data  concerning  the  landing  maneuver  with  air- 
planes exhibiting some of the  above  characteristics an investigation of 
the  landing  characteristics of high-speed airplanes has been  undertaken 
at  the NACA High-Speed Flight Station at Edwards, Calif. The investi- 
gation  included  average Landings of  the X-1, X-3, X-4 X-5, D-558-1, 
D-358-11, and XF-92A airplanes and landings of the X-& at various lift- 







wing span, ft 
wing  chord, ft 
root  chord, in. 
tip  chord,  in. 
acceleration due to  gravity,  ft/sec2 
lift -drag ratto 
noma1 acceleration, g uuits 
dynamic pressure, PV 1 2  , lb/sq ft 
w i n g  area, sg ft 
true airspeed,  Pt/sec 
indicated  airspeed, mph 
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. w weight, Ib 
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Subscript : 
DES(=RIPTION OF AIRPIXIES 
A three-view drawing of each test airplane i s  shown fn figure 1. 
Complete descriptions of each test  airplane are contained in  references 3 
t o  9 and sane of the dfmensions and characteristics pertinent t o  this 
investigation are contained in table  I. 
Standard NAGA recording fnstnrments were installed in each airplane 
and although the i n s t m n t a t i o n  was not identical, the following quan- 
tities per t inent   to  this investigation were recorded f o r  each airplane: 
Airspeed 
Altitude 
Vertical, longitudinal, and transverse acceleration at the 
Control  positions 
center of gravlty 
Ground equipent  was used t o  determine afrplane  f l ight  path during 
the approach and landing. This equipment consisted of a modified 
SCR 584 radar phototheodolite and a modified Askanfa KTH - 41 photothe- 
odolite. The radar phototheodolite was used t o  record airplane a l t i tude  
and position with res-pect t o  the radar stat ion and from this information 
the flight path during landFngs was determined. The f l i g h t  path and ver- 
t ica l   ve loc i ty  during the flare were obtained frm data recorded by the 
A s k a n i a  phototheodolite located approximately one m i l e  frm the end of 
the runmy and approximately one-half mile from the edge of the runway. 
Radar beacons w e r e  used t o  synchronize the Asbanfa camera and test air- 
plane recorders wlth the radar station. 
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TESTS, RESULTS, AND DISCUSSION 
Normal Landings 
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. 
The noma1 landings of the X-1, X-3, XF-92A, D-558-1, and D-558-11 
airplanes were made on the dry lake a t  Edwards, C a l i f .  Runways 300 feet 
wide and from t o  7 miles i n  length were marked on the dry lake surface. 
The landings of the X-& and X-5 were normally made on a 300- by 8,100-foot 
paved runway. 
2 
Landings of the X-1, X-4, X-5, D-558-1, and D-558-II airplanes were 
peflormed by three NACA research pilots. L e s d i n g s  of the XF-92A were 
performed by two A i r  Force t e s t   p i l o t s  during the A i r  Force evaluation 
program and by one NACA p i lo t  during the HACA tests. The landings of 
the X-3 were performed by a company test pilot  during the martfacturers* 
demonstmtion program. A l l  of these p i lo t s  have considerable experience 
i n   f l i g h t   t e s t s  of high-speed aircraft .  
The landing data were obtained during regular research flights and 
with the exception of the tests of the X-& at  various llft-dmg ratios,  
specific flights to  obtain landing data were not made. The p i lo t s  were 4 
aware that Landing data were being obtained but no instructions or 
res t r ic t ions were given t o  the p i lo t s  concerning the landing maneuver. 
AU.  landings were made where there was excessive runway length and are 
not considered maximum performance landings. Winds were usually low i n  
r e l a t ion   t o  flight speeds and are believed t o  have had no appreciable 
effect  on the landing maneuvers. 
L 
The patterns of some airplanes show large variations between 
landings, but these variations are considered normal if the variations 
did not result fram di f f i cu l t i e s  encountered during the maneuver and the 
pilot described it as a normal maneuver. The data presented herein, 
except as noted, are therefore believed t o  represent normal or  average 
landing maneuvers. 
The recording instruments were normally started when the airplane 
was on the downwind leg  approximately opposite the contact point. The 
fl ight  paths are presented as the projected plan and side v i e w  of the 
landing maneuver with initial ground contact as the reference point. 
The indicated airspeeds i n  miles per hour are noted a t  approximately tbe 
downwind, crosswind, and in i t ia l  ground contact points. 
As used i n  this paper i s  defined as the maxFmum normal-f orce 
coefficient that an airplane can a t t a i n  i n  the landing maneuver and may 
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be established by the angle of a t tack at whfch the t a i l  cone contacts 
the ground or  by the % a t  which s t a b i l i t y  o r  control characterist ics 
prevent the airplane froan being flown a t  8 higher % or from the actual 
% of the airplane a t  s t a l l i ng  speed. 
X-1. - Figure 2(a) shows the fl ight   path during three landings of 
the X r a i r p l a n e .  The X-1, being a glider, makes the hitial turn at  
high  alt i tude so  that excess altitude is available to be used a s  power 
8nd, if necessary, t h i s  excess altitude is  l o s t  during t , m  and slips 
on the ffnal approach. The approach is & a t  an indicated airspeed of 
approximately 200 t o  220 miles per hour and contact occurs between 130 
an$ 150 miles per hour, indicated airspeed, which corresponds t o  70 t o  
95 percent of f o r  stall. 
Difficulty was experienced i n  hnding the X-1 as a result of E large 
change i n  longLtrldinA.1 trim asd light control  forces at  s t a l l i ng  speeds. 
This large variation in trim made it d i f f i cu l t  t o  perfom a m o t h ,  con- 
t ro l led  landing without inadvertently skipping i n t o  the a i r   s eve ra l  times. 
The landing of this airplane is  also ccnnplicated by very poor p i lo t   v i s -  
i b i l i t y  at moderate angles of attack. 
- X-3. - Figure 2(b) shows three landing patterns of the X-3 airplane. 
These landings are of particular interest because the high wing loading 
of the X-3 results in I - a n L n s  a t  speeds that are considerably faster than 
other research aimlanes. The first landing of this airplane is repre- 
sented in figure 2(b) by the sol id  line and shows the large approach turn 
and long straight-in approach (about 10 miles) used with the X-3. Con- 
siderable power was maintained during the approach and although  airspeeds 
were not recorded during this landing the p i l o t  reported contact a t  about 
240 miles per hour, indicated airspeed, 
The second landing i s  represented by the dotted line and i l l u s t r a t e s  
a problem that may be encountered because of unfamiliarity with the maneu- 
vering characteristics of an airplane with a high wing loading. This 
landing was started frm a position of almost two m i l e s  t o  the side of 
the runw, and although the approach turn was made at  normal-force coef - 
f i c i en t s  of fram 50 t o  60 percent of C h ,  the airplane had cmpleted 
only about 90' of turn when the runway WBS crossed and therefore consid- 
erable overshoot was encountered. This landing maneuver could not have 
been completed had not  a f a i r l y  long  approach  (approximately five miles ) 
been available t o  correct f o r  the overshoot of the turn. 
The third landing shown has a very large approach turn and is repre- 
sentative of the later landings of the X-3 airplane. 
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The minimum landing speed of the X-3 is  restr ic ted because of limited 
t a i l  cone clearance and % f o r  tail cone contact occms a t  about 80 per- 
cent of $ f o r  stall. Contact  speeds have been a t  an indicated  airspeed ~ 
of about 250 miles per hour which corresponds t o  about 70 percent of 
the % f o r  t a i l  cone contact.  Vertical  velocities of less than 4 feet 1 :  
per second have been encountered at ground contact. I I  r 
X-4.- Figure 2(c) shows normal landing patterns for the X-4 airplane. 
The approach speeds were generally higher than for the other airplanes, 
except f o r  the X-3, varying f ran  220 t o  250 miles per hour, indicated 
airspeed. Contact occurred at from l5O t o  165 miles per hour, indicated 
airspeed, which corresponds t o  70 'to 80 percent of k. Engine  power 
i s  reduced gradually during the approach turn and partial power i s  sane- 
times carr ied  to  ground contact. 
 
With the landing gear down the minimum speed of the X-4 corresponding 
to 'N- with the elevons i n  the full-up position occurs a t  an indicated 
airspeed of about 135 miles per hour. Were it not f o r  the high landing 
speed caused by the ineffective longitudinal control the pi lo ts  would 
consider the X-4 R very  sat isfactory  a i rphne  to  hnd. 
The X-4 is  equipped with large effective dive brakes and therefore 
a powerful control of the glide path is  available t o  the pi lo t .  The 
approach is  usually made with from loo t o  20° of dive brake deflection 
and a f t e r   t he   f l a r e  i s  completed the dive brakes are opened t o  60' at 
the desired landing point and the airplane inmediately settles t o  the 
-w. 
x-9. - 




. Presented i n  figure 2(d) are three landings of the X-5 airplane 
sweep angle of 20°. The approach speeds varied from 170 t o  
per hour, indicated airspeed, and contact occurred a t  l l 5  t o  . 
per hour, indicated airspeed. The approach and contact speeds 
than the other research airplanes, being ccarrparable Kfth present- 
day fighter-type Jet  aircraft .  Landings a t  lower speeds would be possible 
with the X-5 were it not  for the poor d i rec t iona l   s tab i l i ty   a t  speeds 
below an indicated airspeed of approximately I l O  miles per hour. Contact 
occurs st about 83 percent of the % corresponding t o  t h e  minimum speed 
of U O  miles per hour. 
Operation of the speed brakes on the X-5 produces a large trim change 
and extreme buffeting. Consequently they are not used during the landing 
maneuver . 
D-558-1. - The flight path during one landing of the D-558-1 i s  pre- 
sented i n  figure 2(e ) . Although additional landing data are not available, a 
- 
this landing i s  belleved t o  be representative of the D-558-1 l and ings .  
The approach was made a t  210 miles per hour, indicated airspeed, and 
I contact a t  143 miles per hour which corresponds t o  approximately 70 per- 
cent of f o r  s t a l l .  Power was carried until the airplane was at  
about the 90° position and as desired the speed brakes were used t o   a i d  
in glide path control. Although the D-558-1 has good control character- 
istics near the stall, it exhfbits an abrupt roll-off a t  the s t "  and 
therefore  pilots lasa with a n  appreciable speed margin above the stall. 
A t  these speeds the D-558-1 i s  f e l t  by p i lo t s  t o  have no objectionable 
characterist ics in the landfng maneuver. 
D-558-11. - Presented in figure 2( f )   a re  the flight  paths  during 
landings of the rocket-jet-powered aSa rockt-powered 3)-59-11 airplanes. 
These airplanes are identical except f o r  the lack of a jet engine in 
the rocket-powered airplane which must therefore perform the lanaing as 
a gl ider .   aboard wing fences were on both airplanes during these t e s t s .  
The landings of each airplane were star ted from about the same position 
t o  the side of the runway, but the glider airplane had fram 3,000 t o  
8,000 f e e t  more a l t i tude  a t  thfa  point.  
As with the X-1, the glider  D-558-11 used up excess a l t i t ude  in 
turns and s l ip s  on the final approach. Speed brakes provided additional 
a id  i?i controlling the glide path for both airplanes. The D-558-11 
elihibits poor dynamic lateral s t a b i l i t y  with the f laps  down at  speeds 
above about 200 miles per hour, indicated airspeed (ref. €3). Therefore, 
some pilots   prefer  not t o  extend the flaps  during the approach until the 
speed aecreases below 200 miles per hour. The approach speeds were fran 
220 t o  240 miles per hour, indicated airspeed, and the contact airspeed 
was about 140 mFles per hour f o r  the glider and fran 5 t o  10 m i l e s  per 
hour f a s t e r  f o r  the powered airplane. 
- 
L 
The rninqmum 7 a n d - i ~  speed of the D-558-11 is res t r ic ted  because the 
tail cone hits the ground when the a m l a n e  is  in  the at t i tude  
at speeds below 130 miles per hour, which corresponds t o  a % of about 
80 percent of h. Ln addition, at 140 miles per hour and below, 
the D-558-II becomes neutrally  stable  longitudinally and d i f f i cu l ty  i s  
encountered w h e n  making landings near this speed. Normal landings with 
both airplanes were made at 80 t o  83 percent of the % f o r  130 miles 
per hour. 
XF-92A.- Three landin@;s of the XF-92A are presented i n  figure 2(g). 
These hadings were s tar ted fran about the same position, asd the landhg 
patterns are similar t o  those of the X-5 and D-558-1. High engFne power 
set t ings were maintained during most of the domwlnd leg and approach 
landing speed is restr ic ted t o  an indicated airspeed of approximately 
. turn and parer was reduced slowly on the final approach. The minimum 
c __. 
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140 miles per hour because of the limited t a i l  cone clearance which 
occurs at a % of about 60 percent of the % f o r  stall.  The approach 
is  made a t  approximately 230 miles per hour, indicated airspeed, and con- 
t a c t  a t  180 t o  153 miles per hour which corresponds t o  70 t o  80 percent 
of the at tail. cone contact. 
- 
Presented i n  figure 2(h) are three l andbgs  of the XF”92A that are 
of i n t e re s t  fo r  comparison w i t h  figure 2(g). These landings were made 
a t  about the same approach and contact speeds a6 those of figure 2(g), 
but they were made a t  idle engine power and therefore at lower l i f t -drag  
rat ios .  The landing patterns of figures 2(g) and 2(h) are similar except 
fo r  a higher Fnf t ia l   a l t i tude  and higher a l t i tude  a t  the start of the 
flqre for the landings a t  idle  engine power. Ground effect  on the XF”92A 
was noticeable t o   t h e   p i l o t s  and probably contributed greatly t o  the f a c t  
that the  ver t ical   veloci t ies  a t  ground contact were approximately the 
same for  the  landings with power on and at idle power. It i s  of in te res t  
t o  point out that one landing of the XF-g2A, not recorded, was made dead 
st fck and the  pilot  reported no significant  difference from the landhgs 
at idle power. 
Vertical Velocities a t  Ground Contact 
Shown i n  figure 3 are the ver t ica l  and horizontal  velocities at the 
i n i t i a l  ground contact point for Landings of the test  airplanes.  The 
horizontal velocities represent ground speeds under wind conditions that 
were generally less than 15 t o  20 f e e t  per second. The average ver t ica l  
velocity i s  about 2 f e e t  per second and a vertical   velocity of 4.6 feet 
per second was the largest  encountered during these normal W s .  It 
i s  interesting t o  point out that significant differences between the ver- 
t i ca l   ve loc i t i e s  of the D-558-11 glider and jet-powered airplanes or  
between the power-on o r  idle power landings of the XF-92A airplane are 
not apparent. 
Ground Effect 
With short landing gear and low aspect ratios the cushioning of 
ground effect  i s  very pronounced and is  one factor  tending t o  decrease 
the vert ical  veloci t ies  a t  contact. Although quantitative data concerning 
ground effect  were not obtained during this iavestigation, the pi lo ts  
reported it is noticeable on the X-1, D-558-1, and D-39-11 although not 
as pronounced as on the X-4 and XF-92A afrplanes. Ground effect  has been 
very noticeable on the XE“92A and Landings have been described by sane 
pi lo ts  as being  easily accomplished by maintaining a constant glide angle 
and uti l iz ing  the ground e f f ec t   t o  reduce the vertical   velocity t o  a low 
value near the ground. 
?U 
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Eefects of Lift-Drag h t i o  
. During the landing tests of t h e ' X - 4  it was decided that because of the wide range of lift-drag r a t i o s  available by use of the large dive 
brakes, an investigation would be conducted of the effects of lift-drag 
r a t i o  on the landing maneuver. 
Figure 4 shows the variation of l i f t -drag   ra t io  with dive-brake angle 
asd Indicated airspeed for the X-4 airplane. These l i f t -drag ra t ios  were 
measured in gliding fYght with the jet engines throt t led back t o  produce 
zero thrust. This figure shows that lift-drag m t i o s  between 1.3 t o  6.0 
may be obtained during the approach and from about 3 to 9.5 at contact. 
Figure 5 shows a canparison of the landing patterns of the X-4 with 
values of lift-drag r a t io  a t  the beginning of the approach varying from 8 
t o  3.5. These landings were started a t  an altitude of approxLmately 
3,000 f e e t  with the engines mint- zero thrust  and with a canstant 
dive-brake angle during the landing maneuver. The ~t t~rns  becme smaller 
as the l i f t -drag   ra t io  decreases which requires an Fncrease in acceler- 
ation during the approach turn frm l.lg at  a lift-drag r a t i o  of 8 t o  
about 1.5g at  a lift-dmg r a t i o  of 3.5.  The higher acceleration results 
also frm the f a c t  that p& of the landing flare is made dur ing the final  
approach turn at  the lower l i f t -drag rat ios .  This has prevented landings 
from being made a t  dive-brake settings greater than 35O because the 
largest  portion of the flare fs made during the turn at  these settings 
and there is insufficient  elevon  control  to enable the maneuver t o  be 
accmpllshed a t  larger dive-brake settings. One factor noted by the 
p i lo t s  was the short length of time, 50 seconds, at an approach lif-t-drag 
ra t io  of 3.3 as compared with about 140 seconds a t . a  lift-drag ra t io  of 8 
during which the p i l o t  could correct and modify his landing approach. 
The poor longitudinal control a t  large dive-brake settings was the 
p i lo t s '  greatest conplaint during these flights. They fe l t  that, if 
sufficient longitudinal  control were available, landings could be per- 
formed a t  s t i l l  lower l i f t -drag rat ios .  Lmdlngs at  the lowest lift-drag f 
ra t ios  w e r e  not felt to  require  exceptional  piloting skill o r  a great d e a l '  
of practice. However, it should be remembered that f o r  these landings . 
the lift-drag  ratio  increased with decreasing speed Etnd although landings 
were star ted at a lift-drag r a t i o  of 3.5 the lowest lift-drag r a t i o  a t  
contact was about 6.2 even neglecting ground effect. A t  high lift-drag 
ra t ios  ground effect was very noticeable t o  the pilots,  whereas a t  the 
lower Ut-drag ra t io s  ground effect was not nearly so pronounced. 
A camparison of the pat terns   for  norms1 landings of the X-4 with 
these lasdings shows that the normal landings have a pattern similar t o  
that obtained at  a l i f t -drag  ra t io  of 8. The pilots indicated, however, - that, if they had t o  make landas with fixed dive brakes, an approach 
l i f t -drag  r a t i o  of about 5 would be preferable. Although no attempt t o  
obtain spot landings has been made, it i s  the opinion of the p i lo t s  that 
greater accuracy is  possible a t  the- lower values of lift-drag ra t ios .  
The ver t ical   veloci ty  a t  the beginning of the approach, a t  an a l t i -  
tude of 50 fee t ,  and a t  contact are presented In figure 6 for various 
l i f t -drag  ra t ios .  The approach ver t ical  veloci t ies  vary from about 
90 feet per second a t  a l i f t -drag   ra t io  of‘ 3.5 t o  about 30 feet   per  second 
a t  a lift- r a t i o  of about 9.0. The ver t ical  velocf ty  at fee t ,  
however, has a value of from 25 t o  10 feet   per   ~econd and shows little 
variation with Ut-drag rat io   indicat ing that, a t  the lower l i f t -drag  
ra t ios ,  a greater part of the flare is  perfomed a t  a l t i tudes  above 
50 feet. !l’be vert ical  veloci t ied at contact were below a vdue of 3 feet 
per second at U t - d r a g  ratios from about l l  t o  7 and increased slightly 
t o  values of 3.5 and 5.5 feet per second a t  lift-drag m t i o s  near 6.0. 
Tests of the X-1, X-3, X-4, X-5, D-538-1, D-558-11, and XF-92A air- 
planes have shown that ground contact occurs a t  about 70 t o  90 percent 
of the maxFrmrm normal-force coefficient  even  though the maximurn normal- 
force  coefficient was established by maximum lift, s t ab i l i t y  or  control 
limitations, o r  ground clearance restrictions. The average ver t ica l  
velocity a t  ground contact  for  the normal landings was about 2 feet per 
second and the maximum vert ical   veloci ty  was about 4.6 f e e t  per second, 
  an dings of the X-4 a i rp lane   to  determine the effec t  of l i f t -drag 
r a t i o  showed that the largest   portion of the Landing flare was made a t  
altitudes above 50 feet a t  low l i f t - d r a g  r a t io s  and that, although the  
ver t ica l   ve loc i t ies  during the approach varied from 30 t o  90 f e e t  per 
second, the ver t ica l   ve loc i t ies  a t  contact were less than 5.5 feet per 
second. 
High-Speed Flight Station, 
National. Advisory Committee f o r  Aeronautics, 
Edwards, Calif., November 5,  19%. 
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